Introduction
Our growing and urbanizing world has come to depend on chemical products applied in industrial and agricultural processes. Factory jobs have lifted millions out of poverty over the last century. Yet waste emissions, pesticide application, and other pollution due to industrialization and urbanization have had unintended negative effects on children's growing nervous systems, particularly in the developing world. From air quality studies in Mexico City to neuroimaging in Dhaka, new research partnerships are investigating links between children's brain health and local environmental exposures in regions that are most vulnerable to toxicants.
A number of ongoing studies focus on chemicals or groups of chemicals that the World Health Organization (WHO) lists as a major public health concerns (WHO, 2010) : air pollution, arsenic, asbestos, benzene, cadmium, dioxin and dioxinlike substances (such as polychlorinated biphenyls, or PCBs), inadequate or excess fluoride, lead, mercury, and highly hazardous pesticides. Many of these are neurotoxic. Post-mortem studies, animal research, and interviews with survivors over the last several decades have documented the mechanisms of action and deleterious learning and health effects of these and other toxins, with the most profound effects seen when exposure occurs early in life.
Some toxicants, like PCBs and mercury, can travel long distances from their sites of original use and bioaccumulate in fish and shellfish, which are eventually consumed by humans. Arsenic, a heavy metal which can pass the blood-brain barrier, has well-documented neurotoxic effects and is today still found in foods and drinking water around the world (Grandjean, 2013) . Examples of nervous system outcomes associated with chemical exposures include effects on cognitive development and disability, birth defects, sensory disorders, Parkinson's disease, Minamata disease, and brain cancer (Pr€ uss-Ust€ un et al., 2011) .
Child-specific behaviors like crawling on the ground and hand licking, as well as eating and drinking more than adults per pound of bodyweight, mean that children are disproportionately exposed to the chemicals in their environment. Moreover, heavy metals, pesticide compounds, PCBs, and other toxicants can cross the placenta during pregnancy or be passed to an infant via breastmilk.
Accurately measuring a child's chemical exposures is made difficult by the vast (and ever-increasing) number of chemicals in the environment and the fact that exposure typically happens at low and irregular levels day after day, year after year. Understanding how these substances jointly influence neurocognitive development is especially challenging in the context of social and educational factors that have immense global variation. Children living in low-and middleincome areas experience additional environmental health burdens, such as indoor pollution from smoke, inadequate sanitation and garbage collection, and lowquality housing (WHO, 2009). Children's nutritional status may also influence their level of sensitivity.
The field of neuroscience has an important role in advancing our understanding of adverse outcome pathways and response to environmental toxins. Several researchers both study the effects of various chemicals on the developing nervous system-lead, air pollution, and arsenic, among others-and work to create greater public health awareness around children's environmental health.
Persistent and Pervasive
Dr. Philippe Grandjean, a physician and professor at the University of Southern Denmark and adjunct professor at the Harvard School of Public Health, has studied how chronic exposure to mercury, PCBs, pesticides, and other environmental pollutants influences children's neurodevelopment in countries around the world (Grandjean, 2013) . Sensitive period research over the last several decades has greatly strengthened our knowledge base. ''Human brain development is exceedingly complex, and the brain is therefore particularly vulnerable to adverse effects during its formation,'' wrote Grandjean by email earlier this year. Unlike other organs, such as the kidneys, liver, and even testicles, Grandjean added, when it comes to the brain, ''we rely on optimal functioning, as even very slight deficits will impact adversely on cognition, motor function, behavior or other functions.'' Lead, for example, is toxic to multiple systems in the human body. Lead ions mimic calcium, crossing easily into the brain and disrupting regulation at the cellular level. Children can be exposed to lead through hand-to-mouth contact with dirt, dust, and paint and through unsafe food and toys. Hyperactivity, lower IQ, poorer attention, reduced growth, seizures, and hearing and vision problems associated with higher blood lead levels in early life are well documented. Long-term follow-up research has even linked higher blood lead levels in childhood with a greater likelihood of being arrested as a young adult for a violent crime (Wright et al., 2008) . The U.S. Centers for Disease Control and Prevention (CDC) concluded in 2012 that there is no safe level of exposure to lead.
Over the last 40 years, bans on leaded gasoline in almost all countries have dramatically reduced the levels of lead exposure. However, childhood lead poisoning is still a major concern in light of significant ethnic and socioeconomic disparities. The WHO reports (WHO, 2009 ) that 98% of adults and 99% of children affected by exposure to lead live in low-and middle-income countries.
In New Delhi, India, Dr. Sheffali Gulati's child neurology division at the All India Institute of Medical Sciences sees hundreds of children with neurodevelopmental disorders every week. (Note: the author was a short-term observer with Dr. Gulati's group this year.) Using quantitative EEG and psychological evaluation, Gulati is currently investigating possible links between children's behavior problems and chronic background exposure to heavy metals including lead.
Gulati and her colleagues have seen dozens of cases of lead poisoning, including children with blood lead levels above 200 mg/dL. (By contrast, the CDC found in 2015 that 0.5% of American children under 3 years old had blood lead levels at or above 10 mg/dL.) At high exposure levels, children may present with non-specific symptoms resembling other disorders, ranging from seizures to hearing loss, vomiting, and anemia, since lead's mechanisms of action can affect multiple organ systems (Kalra et al., 2000) . This presents a challenge to physicians when determining a diagnosis and treatment plan.
Clinicians have limited options once a child does present with high blood lead levels. ''We know it affects cognition,'' said Gulati by interview this spring. ''What's important is to prevent it from happening.'' Children growing up in resource-limited settings can be inadvertently exposed to high levels of lead inside their own homes. Cases of parents processing lead batteries in northern India (Sahu et al., 2010) and lead-containing ore in Zamfara State, Nigeria (Tirima et al., 2016) are two recent examples. Reducing a child's exposure in these cases therefore requires their family members to either relocate or cease these income-generating operations.
There is no antidote to lead, and the neurobehavioral effects following early exposure appear to be irreversible. Public policy-informed by exposure science linking blood lead levels to cognitive decline-has reduced exposure to lead significantly in many countries. Yet globally, exposure routes abound in areas where children live, learn, and play. The challenge that remains is raising awareness with resources available in local languages and preventing future exposure.
Childhood Origins of Adult Disease
Following decades of studies that helped identify toxicants of concern, researchers today are investigating exposure-response relationships starting early in life.
Air pollution often contains fine particulate matter (PM2.5), ozone, and other airborne liquids and solids emitted by many sources, including industrial processes, fuel combustion, and farming. The WHO estimates (WHO, 2010) that air pollution alone is responsible for 3.2% of the global burden of disease, over half of which is borne by people in developing countries. This amounts to 3.1 million premature deaths every year.
Dr. Lilian Calderó n-Garcidueñ as, neuropathologist and professor at the University of Montana-Missoula, studies the effects of children's chronic exposure to air pollution in the Mexico City metropolitan area, with a population of over 20 million (Figure 1 ). While most air pollution researchers study its respiratory and cardiovascular effects, Calderó n-Garcidueñ as examines neuroinflammation and subtle cognitive difficulties in children who are clinically healthy (Calderó n-Garcidueñ as et al., 2002) .
Although her study participants are children, Calderó n-Garcidueñ as explained by Skype this spring that her focus is long term. ''I believe neurodegeneration begins very young,'' she said. ''The idea that Alzheimer's starts at age 60 is no longer acceptable.'' Calderó n-Garcidueñ as's lab has probed how air pollutants, along with genetic risk factors, can lead to a neuroinflammatory cascade in the developing nervous system. Her research has found evidence of negative effects on attention, shortterm memory, and IQ and changes in gray and white matter seen in magnetic resonance spetroscopy and structural magnetic resonance imaging (MRI). She sees these as childhood indicators of neurodegeneration.
''We're describing the beginning of the disease in very young children'' Calderó n-Garcidueñ as said. ''We want to identify kids at the highest risk and do something about it.'' 
Putting Environmental Toxins into Context
Of course, pollution and chemical substances are not the only elements of a child's environment. Positive socioeconomic factors-like education and friendships-along with negative ones-like poverty, toxic stress, and abuse-contribute too (Phillips and Shonkoff, 2000) .
Charles A. Nelson III, developmental medicine research director at Boston Children's Hospital and professor at Harvard University, studies this complex mix of early childhood experiences and how they shape a child's neurodevelopmental trajectory (Nelson, 2015) . These interests have motivated research projects in low-, middle-, and high-income countries, including an ongoing child development study in the Mirpur neighborhood of Dhaka, Bangladesh (Figure 2) .
The project has recruited low-income families with infants and toddlers to participate in high-density EEG (Figure 3 ), eye tracking, functional near-infrared spectroscopy, and non-sedatory structural and function MRI, along with behavioral testing and blood, stool, and saliva measurements. These data will enable the team to assess inflammatory markers and environmental toxicant exposure levels.
One chemical of concern is arsenic, which is both naturally occurring in the earth and is emitted by coal-burning power plants, smelters, and mining. Tasteless and odorless, arsenic contaminates the groundwater that millions of people depend on (WHO, 2017) . In Bangladesh, 25% of households drink water contaminated with arsenic at levels above the WHO guideline value of ten parts per billion.
On top of exposures to arsenic-contaminated groundwater and air pollutants, maternal depression and domestic violence are some of the stressors children in Mirpur face. Neuroimaging has helped shed light on their individual and combined effects. ''Stress versus inflammation versus poverty have differential effects on EEG,'' said Nelson by Skype earlier this year.
Nelson studies both how to measure neurocognitive development, particularly in resource-limited settings, as well as how intensive interventions can put children's development on the right track. Another collaborative study, the Bucharest Early Intervention Project in Romania, showed how family-based foster care could enrich social and cognitive development in children raised in institutional settings. Through collaboration with local staff, state-run agencies, and politicians in Romania, as well as sharing their findings publicly, Nelson and the research team helped change the way institutionalized children are cared for in Romania.
The current study builds on that strategy of combining social, cognitive, neuroimaging, and genetic data, and in addition includes data on heavy metal exposure. How does the combination of psychosocial factors and environmental toxins contribute to a full picture of adversity? By collecting data longitudinally, Nelson can understand more precisely how the timing and intensity of adversity factors can influence brain and behavior outcomes in a low-income urban setting. Nelson's team aims to develop an assay to measure early life adversity, using data from the current study in Bangladesh and other large-scale datasets. Several of the low-cost, portable instruments being used in Dhaka may be useful in other communities with limited resources to study early life adversity.
''How do we model this so we know what's most important?'' asked Nelson. ''If we're going to set up an intervention, we need to have the right targets.'' Prenatal, postnatal, and preconception interventions for children exposed to toxic substances and early life stress may have a positive effect in one place but need to be fine-tuned in order to be implemented in another community.
Global Health Partnerships
Combining neuroscience and environmental health in a global context is inherently interdisciplinary. For researchers conducting studies in low-resource settings beyond the typical academic hubs, partnerships are essential. Collaborations with clinicians, caregivers, and local organizations help identify needs and translate science into childhood interventions that are feasible and relevant for the community.
Nelson believes the key to carrying out this kind of research in an environment far from his home lab is working with the right people and the right infrastructure. Setting up a state-of-the-art lab in the middle of a dense urban neighborhood in Bangladesh was not easy. In his case, the team built on their research partners' existing contacts and established a close collaboration with the International Centre for Diarrhoeal Disease Research, Bangladesh. The trained staff at their existing neighborhood clinic carries out much of the data collection. The lab there, said Nelson, ''runs at least as well as the lab in Boston.'' Calderó n-Garcidueñ as, who began her career in medicine, has collaborated with cognition and atmospheric chemistry researchers to gain a more comprehensive understanding of the processes at work when air pollutants interact with the nervous system. She also works with parents, families, and teachers to exchange insights on individual children's development.
She views environmental health as a priority not just for the children in Mexico City, but in thousands of cities experiencing population increase and urban sprawl. Living in a polluted megacity, rather than a relatively cleaner suburb, is not a choice a child makes voluntarily. As a researcher or a parent, she added, ''there's a limit to what you can do in terms of protection.''
Role of Neuroscience in Prevention and Health Promotion
Calderó n-Garcidueñ as believes that starting early is the way to prevent neurodegenerative disorders like Alzheimer's and Parkinson's diseases. She is currently designing an intervention targeting environmental exposures in Mexico City. ''We have fifty years between when we see the first signs and when we see the patient in our office with signs of dementia,'' she said. ''That means we have fifty years to do something.' ' Grandjean is less patient. He believes that societal intervention should not await detailed neuroscience documentation and that too many opportunities to intervene have already been missed. ''We are witnessing a pandemic of developmental neurotoxicity, where known neurotoxicants, such as lead, methylmercury, and certain pesticides represent only the tip of an iceberg,'' he said. ''We need to protect the next generation's brains and not conduct large-scale experiments on them.'' Because of early life susceptibility and sensitive periods, individuals exposed early to environmental toxins end up with the most damaging, longest-lasting neurobehavioral consequences. Exposure to a few, like lead and asbestos, has been partially addressed by government regulations in some countries. Yet knowledge about and protection from the majority of chemicals, and their so-called ''cocktail effects'' when combined, still lag behind. Moreover, environmental health burdens disproportionately affect the lives of children and families living in developing countries.
Concerns about environmental toxins have been in the public sphere for decades. Rachel Carson, in her 1962 book Silent Spring, wrote that ''storage of the chlorinated hydrocarbons, as we have seen, is cumulative, beginning with the smallest intake.'' In addition to the pesticides Carson described, the number and spread of toxins increases every year, and their impact will continue to fall hardest on children.
In the decades since Carson wrote, neuroscience collaborations with the fields of health, education, and policy have acted as bridges between knowledge and action for long-term quality of life. Some important policies have been enacted, but children around the world are still hindered from reaching their potential. The opportunity to leverage global neuroscience for a greater good cannot be clearer.
